The channeling of metabolites is an essential step of metabolic regulation in all living organisms. Multifunctional enzymes with defined domains for metabolite compartmentalization are rare, but in many cases, larger assemblies forming multimeric protein complexes operate in defined metabolic shunts. In Arabidopsis thaliana, a multimeric complex was discovered that contains a 13-lipoxygenase and allene oxide synthase (AOS) as well as allene oxide cyclase. All three plant enzymes are localized in chloroplasts, contributing to the biosynthesis of jasmonic acid (JA). JA and its derivatives act as ubiquitous plant defense regulators in responses to both biotic and abiotic stresses. AOS belongs to the superfamily of cytochrome P450 enzymes and is named CYP74A. Another CYP450 in chloroplasts, hydroperoxide lyase (HPL, CYP74B), competes with AOS for the common substrate. The products of the HPL reaction are green leaf volatiles that are involved in the deterrence of insect pests. Both enzymes represent non-canonical CYP450 family members, as they do not depend on O 2 and NADPH-dependent CYP450 reductase activities. AOS and HPL activities are crucial for plants to respond to different biotic foes. In this mini-review, we aim to summarize how plants make use of the LOX2-AOS-AOC2 complex in chloroplasts to boost JA biosynthesis over volatile production and how this situation may change in plant communities during mass ingestion by insect pests.
Introduction
Oxygenated membrane fatty acid derivatives such as lipoxins, leukotrienes, thromboxanes, and prostaglandins are widespread in occurrence in metazoans and play important roles in many physiological processes. Often, collectively referred to as eicosanoids, lipoxins, leukotrienes, thromboxanes, and prostaglandins accomplish key functions in inflammatory processes (lipoxins and leukotrienes), host defense against pathogens, vasoconstriction and vasodilatation, muscle contraction, blood pressure regulation, blood coagulation (prostaglandins and thromboxanes), and collectively act in many other processes [1] [2] [3] . Interestingly, eicosanoid-like compounds have been identified in soft corals and other marine organisms where they presumably act in the deterrence of microbial pathogens [4] [5] [6] .
What appears to be prostaglandins in animals are jasmonates in plants ( Figure 1 ). Jasmonates regulate flower development, embryogenesis, seed germination, and fruit ripening [7] . Jasmonic acid (JA) accumulates in response to both abiotic and biotic stresses and is additionally involved in wound responses and defense [8] [9] [10] . Pioneering work by Weigel and colleagues identified the overlapping roles of JA in leaf development and foliar senescence [11] . In addition, an emerging number of findings suggest complex crosstalk with other plants hormones (e.g., [12] Oxygenated membrane fatty acid derivatives such as lipoxins, leukotrienes, thromboxanes, and prostaglandins are widespread in occurrence in metazoans and play important roles in many physiological processes. Often, collectively referred to as eicosanoids, lipoxins, leukotrienes, thromboxanes, and prostaglandins accomplish key functions in inflammatory processes (lipoxins and leukotrienes), host defense against pathogens, vasoconstriction and vasodilatation, muscle contraction, blood pressure regulation, blood coagulation (prostaglandins and thromboxanes), and collectively act in many other processes [1] [2] [3] . Interestingly, eicosanoid-like compounds have been identified in soft corals and other marine organisms where they presumably act in the deterrence of microbial pathogens [4] [5] [6] .
What appears to be prostaglandins in animals are jasmonates in plants ( Figure 1 ). Jasmonates regulate flower development, embryogenesis, seed germination, and fruit ripening [7] . Jasmonic acid (JA) accumulates in response to both abiotic and biotic stresses and is additionally involved in wound responses and defense [8] [9] [10] . Pioneering work by Weigel and colleagues identified the overlapping roles of JA in leaf development and foliar senescence [11] . In addition, an emerging number of findings suggest complex crosstalk with other plants hormones (e.g., [12] ). Biosynthesis of jasmonic acid (JA) and green leaf volatiles through the Vick and Zimmerman shunt. Pathway intermediates are given as 13-HPOT, (9Z11E15Z13S)-13-hydroperoxy-9,11,15-octadecatrienoic acid; α-LeA, α-linolenic acid; EOT, 12,13(S)-epoxy-9(Z),11,15(Z)-octadecatrienoic acid; OPDA, cis-(+)-12-oxophytodienoic acid; ODA, 12-oxo-cis-9-dodecenoic acid. Enzymes abbreviations refer to LOX, 13-lipoxygenase; AOS, 13-allene oxide synthase; AOC, allene oxide cyclase; HPL, 13-hydroperoxide lyase. Note that 13-HPOT is a common substrate of AOS and HPL that, as non-canonical CYP450 enzymes, drive alternative reactions in the JA and green leaf volatile branches of the Vick and Zimmerman pathway.
When plants are challenged by biotic and abiotic foes, they synthesize defense compounds that permit plant survival. Accumulation of a wide range of defense compounds has been reported, and Figure 1 . Biosynthesis of jasmonic acid (JA) and green leaf volatiles through the Vick and Zimmerman shunt. Pathway intermediates are given as 13-HPOT, (9Z11E15Z13S)-13-hydroperoxy-9,11,15-octadecatrienoic acid; α-LeA, α-linolenic acid; EOT, 12,13(S)-epoxy-9(Z),11,15(Z)-octadecatrienoic acid; OPDA, cis-(+)-12-oxophytodienoic acid; ODA, 12-oxo-cis-9-dodecenoic acid. Enzymes abbreviations refer to LOX, 13-lipoxygenase; AOS, 13-allene oxide synthase; AOC, allene oxide cyclase; HPL, 13-hydroperoxide lyase. Note that 13-HPOT is a common substrate of AOS and HPL that, as non-canonical CYP450 enzymes, drive alternative reactions in the JA and green leaf volatile branches of the Vick and Zimmerman pathway.
When plants are challenged by biotic and abiotic foes, they synthesize defense compounds that permit plant survival. Accumulation of a wide range of defense compounds has been reported, and the key elements of JA signaling were identified [10, 13] . Insect feeding provokes overlapping as well as distinct defenses that include local and systemic reactions and additionally lead to the attraction of the insects' enemies through the emission of green leaf volatiles comprising Z-3-hexenal and the corresponding C6-volatile alcohol [(Z)-3-hexenol], thus, providing an indirect defense involving interplant communication [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Interestingly, both prostaglandins and JAs are lipoxygenase (LOX) pathway products, although the LOX enzymes involved have different substrate specificities and, thus, can drive the formation of different compounds [10, [25] [26] [27] . It is also interesting to recall that both JAs and green leaf volatiles are derived from the same 13-LOX pathway and that their synthesis diverges at an early common step (Figure 1 ). The 13-LOX pathway originally discovered by Vick and Zimmerman [28, 29] commences with the release of α-linolenic acid from membrane lipids by phospho-and galactolipases. Subsequent steps then include 13-lipoxygenase (LOX), 13-allene oxide synthase (AOS, At5g42650), and allene oxide cyclase (AOC) carrying out consecutive steps in chloroplasts (Figure 1 ) [30] [31] [32] [33] [34] [35] . The product of the regio-and stereospecific 13-LOX (EC 1.13.11.12) reaction is (13S)-hydroperoxylinolenic acid (13-HPOT). This compound is, likewise, used as a substrate by AOS (EC 4.2.1.92) and 13-hydroperoxide lyase (HPL, EC 4.2.99.X) to provide different products. Whereas AOS converts 13-HPOT to 12,13-epoxylinolenic acid (EOT), HPL cleaves 13-HPOT to Z-3-hexenal and 12-oxo-cis-9-dodecenoic acid (ODA) of which cis-3-hexenal and the corresponding alcohol are volatile compounds operative in herbivore deterrence [21, [36] [37] [38] [39] . Here, the strict regiospecificity of 13-LOX, 13-AOS, and 13-HPL has to be highlighted, as there are also other enzymes that show a specificity for the 9-position, such as 9-HPL that belongs to the CYP74C group [30] . Because EOT as the product of the AOS reaction is short-lived and spontaneously disintegrates into volatile α-and γ-ketols as well as racemic 12-oxo-phytodienoic acid (OPDA), plants use, in terms of AOC (EC 5.3.99.6), an enzyme that assures cis-(+)-12-oxo-phytodienoic acid (cis-(+)-12-OPDA) synthesis (Figure 1 ). cis-(+)-12-OPDA formed by AOC is then exported from chloroplasts to the cytosol and, subsequently, to peroxisomes where the final reduction and β-oxidation steps of JA biosynthesis occur. The Arabidopsis thaliana genome initiative identified six genes encoding LOX isoforms and one and four genes encoding AOS and AOC enzymes, respectively [40] . Just one gene encodes HPL (At4g15440).
AOS and HPL Are Examples of Non-Canonical Cytochrome P450 Enzymes with Unique Activities in Chloroplasts
Both AOS and HPL belong to the same cytochrome P450 superfamily, representing non-canonical members and are therefore designated CYP74A and CYP74B, respectively. In contrast to canonical cytochrome P450s, both AOS and HPL do not require O 2 and NADPH-dependent cytochrome P450 reductase for activity [31, 41, 42] . Their amino acid sequences are moderately conserved and differ mostly in their catalytic site residues while still forming a similar hydrophobic substrate binding pocket. Remarkably, other non-canonical CYP450s, such as divinyl-ether synthases (DES), which belong to the CYP74D group, have not been identified in the Arabidopsis genome [43] .
Crystal structure analyses on AOS of Arabidopsis thaliana and guayule (Parthenium argentatum) [44] , in combination with site-directed mutagenesis, have provided valuable insights into the substrate binding and conversion modes of AOS and HPL. According to Li et al. [45] , AOS possesses the characteristic CYP450 fold, a 22-Å deep substrate access channel, as well as a unique heme-binding site. In addition, AOS exhibits a non-conventional membrane binding mode. AOS shares with mammalian CYP2C5 [46] the same macromolecular surface to interact with the membrane. This surface comprises at least two detergent-exposed α-helices [44] . AOS from guayule looks, in fact, quite similar to the AOS of Arabidopsis in terms of its overall topology and active site residues [47] . As found for other cytochrome P450 enzymes [48, 49] , substrate binding also confers reaction specificity to AOS and HPL, respectively.
Upon substrate binding to AOS, the carboxyl group establishes hydrogen bonds with Thr389, whereas the aliphatic segments establish hydrophobic contacts with neighboring non-polar amino acid side chains. On the other hand, the peroxy group of the substrate approaches the co-factor heme and forms productive interactions with the catalytic Asn321 residue. The crystal structure described by Lee et al. [44] additionally identified an unusual active site poised to control the reactivity of an epoxyallylic radical and its cation by means of interactions with an aromatic pi-system of a conserved Phe residue (Phe137). As found for other CYP74 enzymes, AOS and HPL share the presence of a nine-residue insertion in the proximal Cys loop that contributes to diminishing the donor strength of the thiolate and favoring the generation of S-Fe(IV)-OH complex that, in turn, can readily participate in electron transfer (AOS) or oxygen rebound (HPL). Replacing the amino acids involved in these steps by non-polar residues, as encountered in the AOS(F137L, S155A) mutant derivative, prevents a carbocation intermediate from being adequately enriched or stabilized at C11 and prevented the formation of an unstable hemiacetal [50] , which spontaneously dissociates into short-chain aldehydes. As a result, markedly reduced AOS activity was observed while converting the mutant enzyme into an HPL-like enzyme [44] . Obviously, AOS clips the C11 position of its substrate in between two pi-systems to ensure that 13(S)-HPOT is efficiently converted to allene oxide and not into short-chain aldehydes. On the other hand, the HPL active site evolved to facilitate radical rearrangement by excluding a strategically positioned aromatic residue (Phe137) in the vicinity of C11 of 13(S)-HPOT [27] .
As said before, AOS and HPL are encoded by distinct genes in Arabidopsis. The gene At4g15440 encodes an HPL protein that is supposed to contain a 25 amino acid chloroplast transit peptide (cTP) while, according to the Subcellular Localization Database for Arabidopsis Proteins (SUBA) [51] , this protein is predicted to be non-chloroplastic. HPL was experimentally proven by in vivo-and in vitro-approaches to be present in chloroplasts [52, 53] . However, its predicted localization using ChloroP and TargetP provided contradictory results and suggested the presence of mitochondrial and chloroplast transit peptides, respectively [54, 55] . For AOS, more clear prediction results were obtained, highlighting the presence of a 32 amino acid cTP. As shown by our recent studies [53] , AOS is faithfully imported into isolated chloroplasts and localized to the inner plastid envelope where it faced the inter-membrane space separating the outer and inner envelope. HPL was readily taken up as well in the chloroplast import experiments but accumulated in the outer plastid envelope and faced the cytosol. During import, both AOS and HPL were proteolytically processed and their cTPs cleaved off/removed. Collectively, our data are consistent with previous proteomics and localization studies using green fluorescent protein (GFP) technology and unequivocally identified AOS and HPL to be chloroplast proteins [52, 56] .
AOS forms larger complexes with the two other entry enzymes of the 13-LOX pathway, that is, LOX2 (At3g45140) and AOC2 (At3g25770). All three enzymes, in fact, cooperate structurally and functionally to drive OPDA synthesis from α-LeA. A remarkable channeling of α-LeA towards cis-(+)-12-OPDA was observed that prevented the release of any of the reaction intermediates into the incubation medium. Due to the observed channeling/compartmentalization of reactants, both the spontaneous dismutation of EOT to its short-lived disintegration products (α-ketols and γ-ketols) as well as of racemic OPDA did not occur. Moreover, a large, approximately 120-fold increase in the yield of cis-(+)-12-OPDA from α-LeA was observed. In marked contrast to these results, we were unable to identify proteins interacting with HPL in chloroplasts in our protein isolation and crosslinking experiments. This result may suggest that HPL establishes weak interactions that could not be traced by the methods employed or that the interacting partners were not present in chloroplasts from 14 d-old light-grown, healthy plants [53] .
Structural Modelling of the LOX2-AOS-AOC2 Plastid Envelope Complex
The fact that AOS forms complexes with LOX2 and AOC2 encouraged us to perform a molecular modeling of the whole complex. An interesting precedent for the interaction of enzymes involved in oxylipin biosynthesis was provided by the soft coral Plexaura homomalla [57] [58] [59] . In this organism, a bifunctional LOX-AOS enzyme was identified in which AOS forms the NH 2 -terminal portion and 8R-LOX the COOH-terminal portion of the polypeptide chain [59] . The two domains cooperate in oxylipin biosynthesis and catalyze consecutive steps in an eicosanoid-like biosynthetic pathway. Hereby, the 8R-LOX domain converts arachidonic acid to hydroperoxy-eicosatetraenoic acid (8R-HPETE), followed by transformation of 8R-HPETE to an allene oxide by the AOS domain. The product of the two coupled reactions is a likely precursor of marine prostanoid-like compounds, such as clavulones, which are cytotoxins implicated in the defense against microbial pests.
8R-LOX contains a NH 2 -terminal ß-barrel domain and a COOH-terminal, largely α-helical catalytic domain and is, thus, related to other lipoxygenases including LOX2 from Arabidopsis ( Figure 2 ) [60] [61] [62] , while the AOS of P. homomalla has sequence similarity to catalases, both in terms of the polypeptide fold and heme binding sites [5, 6, 60] . The NH 2 -terminal domain of 8R-LOX resembles the calcium-dependent membrane-binding module, termed C2 module, in phospholipases and kinases [63, 64] . No such C2 domain is present in LOX2 of Arabidopsis (Figure 2 ). In the soft coral, 8R-LOX and AOS are linked by a short peptide, in the absence of which the two polypeptides adopt a LOX-AOS dimer conformation identical to that of the natural bifunctional enzyme [59] . Both in the linker-containing and linker-free states, the COOH-terminus of AOS was positioned close (10.5 Å and 13.5 Å) to the NH 2 -terminus of the 8R-LOX. Hereby, helix α2 of AOS established contacts with both the C2-and catalytic domains of 8R-LOX [59] . The intramolecular interface average diameter of ≈1000 Å was dominated by polar and charged amino acid interactions. Other studies revealed that helix α2 affects the conformations of active site ligands of both the 8R-LOX and AOS domains, allowing for communication between the two catalytic sites and controlling the flow of metabolites through the bifunctional enzyme [42] . product of the two coupled reactions is a likely precursor of marine prostanoid-like compounds, such as clavulones, which are cytotoxins implicated in the defense against microbial pests. 8R-LOX contains a NH2-terminal ß-barrel domain and a COOH-terminal, largely α-helical catalytic domain and is, thus, related to other lipoxygenases including LOX2 from Arabidopsis ( Figure 2 ) [60] [61] [62] , while the AOS of P. homomalla has sequence similarity to catalases, both in terms of the polypeptide fold and heme binding sites [5, 6, 60] . The NH2-terminal domain of 8R-LOX resembles the calcium-dependent membrane-binding module, termed C2 module, in phospholipases and kinases [63, 64] . No such C2 domain is present in LOX2 of Arabidopsis (Figure 2 ). In the soft coral, 8R-LOX and AOS are linked by a short peptide, in the absence of which the two polypeptides adopt a LOX-AOS dimer conformation identical to that of the natural bifunctional enzyme [59] . Both in the linker-containing and linker-free states, the COOH-terminus of AOS was positioned close (10.5 Å and 13.5 Å) to the NH2-terminus of the 8R-LOX. Hereby, helix α2 of AOS established contacts with both the C2-and catalytic domains of 8R-LOX [59] . The intramolecular interface average diameter of ≈1000 Å was dominated by polar and charged amino acid interactions. Other studies revealed that helix α2 affects the conformations of active site ligands of both the 8R-LOX and AOS domains, allowing for communication between the two catalytic sites and controlling the flow of metabolites through the bifunctional enzyme [42] .
(a) (b) Figure 2 . Structural models of the 8R-LOX of Plexaura homomella and LOX2 of Arabidopsis. A homology model of AtLOX2 was established with soybean LOX3 (PDB ID: 1LNH) as template [65] using SWISS-MODEL [66] and, in turn, super-positioned with the structure of the crystallized 8R-LOX domain (PDB ID: 2FNQ) of the soft coral 8R-LOX-AOS [59] . To overlay the structures, the Smith-Waterman superposition algorithm on the Calculate Structure Alignment.app was used. (a) 3D structure of LOX2 (mustard color) and the 8R-LOX domain (teal color) of the soft coral 8R-LOX-AOS. (b) Amino acid sequence alignment to highlight the conservation of structural domains and active site residues. Active site residues and iron binding sites (boxed) are indicated [62] . Transmembrane domain prediction was done using TMpred [67] . Amino acid sequence alignment to highlight the conservation of structural domains and active site residues. Active site residues and iron binding sites (boxed) are indicated [62] . Transmembrane domain prediction was done using TMpred [67] .
In Arabidopsis, LOX (LOX2) and AOS are not fused as in the soft coral but form a complex, which, in addition, contains AOC2. Crosslinking studies revealed that LOX2 interacts preferentially with AOS, whereas it does not seem to establish direct contacts with AOC2 being present as monomers and trimers. Modeling of the LOX2-AOS-AOC2 structure allowed proposing how these differential protein-protein interactions may be explained in molecular terms. Our top ranked model ( Figure 3 and Table 1 ) suggests differential interactions between the three partner proteins, with unique amino acid residues of LOX2 interacting with unique amino acids of AOS and unique amino acid interactions between AOS and AOC2. Accordingly, Ser92 and Gly94 of LOX2 forming hydrogen bonds with Ser272 of AOS. Ser92 and Gly94 are localized in a loop region between β-sheets 1 and 2 of LOX2, presumably forming a surface-exposed region ready for binding AOS. On the other hand, Asp96 of LOX2 was found to potentially interact with Asn42 of AOC2. However, when the AOC2 homotrimer and AOS were modeled together in the absence of LOX2 (out of the ternary complex), Phe44 and Ser45 of AOC2 were found to interact with Ile65 and Pro64 of AOS, respectively. Interestingly, none of these amino acid interactions were seen in the modeled whole LOX2-AOS-AOC2 complex (Figure 3 , Figure S1 , and Table 1 In Arabidopsis, LOX (LOX2) and AOS are not fused as in the soft coral but form a complex, which, in addition, contains AOC2. Crosslinking studies revealed that LOX2 interacts preferentially with AOS, whereas it does not seem to establish direct contacts with AOC2 being present as monomers and trimers. Modeling of the LOX2-AOS-AOC2 structure allowed proposing how these differential protein-protein interactions may be explained in molecular terms. Our top ranked model ( Figure 3 and Table 1 ) suggests differential interactions between the three partner proteins, with unique amino acid residues of LOX2 interacting with unique amino acids of AOS and unique amino acid interactions between AOS and AOC2. Accordingly, Ser92 and Gly94 of LOX2 forming hydrogen bonds with Ser272 of AOS. Ser92 and Gly94 are localized in a loop region between β-sheets 1 and 2 of LOX2, presumably forming a surface-exposed region ready for binding AOS. On the other hand, Asp96 of LOX2 was found to potentially interact with Asn42 of AOC2. However, when the AOC2 homotrimer and AOS were modeled together in the absence of LOX2 (out of the ternary complex), Phe44 and Ser45 of AOC2 were found to interact with Ile65 and Pro64 of AOS, respectively. Interestingly, none of these amino acid interactions were seen in the modeled whole LOX2-AOS-AOC2 complex (Figure 3 , Figure S1 , and Table 1 ).
(a) (b) Figure 3 . Structural model of the LOX2-AOS-AOC2 complex in chloroplasts. (a) Overall structure that was obtained by fitting the modelled LOX2 structures of Arabidopsis to the known X-ray structures of AOS [44] and AOC2 [32] . Amino acid residues suggested to be involved in catalysis of each enzyme as well as amino acid residues tentatively defined as residues mediating subunit interactions are indicated. (b) Cartoon highlighting the different amino acid pairs implicated in the different protein-protein interactions. Table 1 . Amino acids identified to be potentially implicated in LOX2-AOS-AOC2 complex formation.
Amino Acid Interactions Observed in the Ternary Complex Amino Acid Interactions Observed in an Arbitrary AOS-AOC2 Complex

LOX2-Ser92-AOS-Ser272
AOS-Pro64-AOC2-Ser45 LOX2-Gly94-AOS-Ser272 LOX2-Asp96-AOC2-Asn42 AOS-Ile65-AOC2-Phe44 [44] and AOC2 [32] . Amino acid residues suggested to be involved in catalysis of each enzyme as well as amino acid residues tentatively defined as residues mediating subunit interactions are indicated. (b) Cartoon highlighting the different amino acid pairs implicated in the different protein-protein interactions. Table 1 . Amino acids identified to be potentially implicated in LOX2-AOS-AOC2 complex formation.
Amino Acid Interactions Observed in the Ternary Complex Amino Acid Interactions Observed in an Arbitrary AOS-AOC2 Complex
LOX2-Ser92-AOS-Ser272 AOS-Pro64-AOC2-Ser45 LOX2-Gly94-AOS-Ser272 LOX2-Asp96-AOC2-Asn42 AOS-Ile65-AOC2-Phe44
A critical point in our model concerns the role of the lipid bilayers. Because the one trans-membrane (TM) domain predicted in LOX2 is part of the interaction site with AOS (Figure 3) , we assume that LOX2 may need to sort out of the lipid bilayers in order to bind AOS.
Alternatively, some of the 5-LOX enzymes involved in leukotriene synthesis have been suggested to bind membranes via their catalytic domain [68, 69] . Other reports on metazoan 15-LOX enzymes known to act as mediators of inflammation indicated an essential role of the catalytic domain for membrane localization and that catalytically driven membrane perforation provides a mechanism of programmed organelle degradation occurring during the differentiation of reticulocytes and maybe also in the clearance of eye lens cells [70, 71] . For AOS, a single TM domain is predicted to be part of the active site as well. However, it seems likewise possible that some of the detergent-exposed hydrophobic α-helices, and particularly those designated α-F and α-H in the crystal structure of Lee et al. [44] , could provide membrane anchors. In the case of the bifunctional enzyme from P. homomalla, the AOS domain, if expressed alone without the 8R-LOX domain, easily formed dimers via helix α2 [61] . However, because helix α2 also establishes part of the 8R-LOX-AOS interface, no dimerization of the full-length bifunctional enzyme was observed, as would be expected if helix α2 is present in a free state [45] . In case of the AOC trimer, one predictable TM domain is present per monomer, but it is also conceivable that some of the hydrophobic β-sheets forming the ß-barrel's active site cavity in the trimer could mediate membrane binding and/or the interaction with AOS. In the case of the bifunctional 8R-LOX-AOS soft coral enzyme, the C2-module flanking the two catalytic domains mediates membrane binding and domain interaction in an either/or fashion [72] . How the supposed shuffling of enzymes between the lipid bilayers of the inner plastid envelope and the LOX2-AOS-AOC2 complex is regulated needs to be resolved in future work.
Expression of LOX2, AOS, and AOC over Plant Development and Role of AOC Homo-and Hetero-Trimerization for Activity Regulation
First glimpses suggestive of activity regulation through changing subunit compositions of the four different AOC isoenzymes in the homo-and heterotrimers of the LOX2-AOS-(AOC) 3 complex have been provided by Otto and co-workers [73] . BiFC studies did not reveal structural constraints for AOC homo-and hetero-trimerization. The analysis of publicly available transcriptomics data deposited in the Genevestigator database nevertheless indicates non-overlapping functions of AOC1 and 2 versus AOC3 and 4 in Arabidopsis. In fact, AOC1 and AOC2 are expressed in different organs and at other stages of development than AOC3 and AOC4 (Figure 4) .
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A critical point in our model concerns the role of the lipid bilayers. Because the one transmembrane (TM) domain predicted in LOX2 is part of the interaction site with AOS (Figure 3) , we assume that LOX2 may need to sort out of the lipid bilayers in order to bind AOS.
Expression of LOX2, AOS, and AOC over Plant Development and Role of AOC Homo-and Hetero-Trimerization for Activity Regulation
First glimpses suggestive of activity regulation through changing subunit compositions of the four different AOC isoenzymes in the homo-and heterotrimers of the LOX2-AOS-(AOC)3 complex have been provided by Otto and co-workers [73] . BiFC studies did not reveal structural constraints for AOC homo-and hetero-trimerization. The analysis of publicly available transcriptomics data deposited in the Genevestigator database nevertheless indicates non-overlapping functions of AOC1 and 2 versus AOC3 and 4 in Arabidopsis. In fact, AOC1 and AOC2 are expressed in different organs and at other stages of development than AOC3 and AOC4 (Figure 4) . Tissue and development-specific expression of AOC1-4 from Arabidopsis thaliana. The Genevestigator database [74] was used to contrast the specific expression pattern of AOC1-4. The patterns reveal a clear expression of AOC1 and 2 in areal tissues, while being absent in roots and only very little expressed in flowers. AOC4 is seemingly restricted to root tissues, whereas AOC3 expression is detected at different levels in all tissues.
Because bioinformatics approaches revealed the non-conservation of amino acid residues that were tentatively identified as putative interaction sites with AOS, we conclude that AOC1 and AOC2, being present as homo-or hetero-trimers, are the basic components of the discovered oxylipin biosynthesis complex in the chloroplast. Due to its unique composition and location in chloroplasts, the LOX2-AOS-AOC1/2 complex assures oxylipin precursor biosynthesis, obviously avoiding the competing side reactions such as those catalyzed by HPL. As a consequence, plants can tightly control the quantity of JA over plant development and maintain or boost JA production in response to stress rapidly. By contrast, the expression of HPL appears to remain low under most developmental conditions and augments only when plants are challenged by feeding insects. Whether under these circumstances HPL then competes with AOS for 13-HPOT has not been established. It might well be that those other LOX enzymes present at different locations in the plant cell could provide the substrate for HPL-driven aldehyde synthesis ( Figure 5 ; see also [30, 35] ). The localization of HPL at the outer surface of chloroplasts could favor such action but would require either a release of the membrane-bound enzyme or collapse of intracellular compartmentalization and access of HPL to non-chloroplastic membrane lipids. Further work is needed to address this hypothesis. Because bioinformatics approaches revealed the non-conservation of amino acid residues that were tentatively identified as putative interaction sites with AOS, we conclude that AOC1 and AOC2, being present as homo-or hetero-trimers, are the basic components of the discovered oxylipin biosynthesis complex in the chloroplast. Due to its unique composition and location in chloroplasts, the LOX2-AOS-AOC1/2 complex assures oxylipin precursor biosynthesis, obviously avoiding the competing side reactions such as those catalyzed by HPL. As a consequence, plants can tightly control the quantity of JA over plant development and maintain or boost JA production in response to stress rapidly. By contrast, the expression of HPL appears to remain low under most developmental conditions and augments only when plants are challenged by feeding insects. Whether under these circumstances HPL then competes with AOS for 13-HPOT has not been established. It might well be that those other LOX enzymes present at different locations in the plant cell could provide the substrate for HPL-driven aldehyde synthesis ( Figure 5 ; see also [30, 35] ). The localization of HPL at the outer surface of chloroplasts could favor such action but would require either a release of the membrane-bound enzyme or collapse of intracellular compartmentalization and access of HPL to non-chloroplastic membrane lipids. Further work is needed to address this hypothesis. 
Conclusions and Perspectives
AOS and HPL are non-canonical CYP74 enzymes that may have their origin in the last common ancestor of plants and animals while being absent from most metazoan lineages known to date [44] . AOS and HPL obviously evolved by precluding mono-oxygenation chemistry. As shown by Lee et al. [44] , their molecular structures are remarkably similar. However, subtle differences in substrate positioning within the active site permits to exquisitely control the reactivity of catalytic intermediates formed from a common substrate for achieving product specificity. Using a mutagenesis approach, Lee et al. [44] were able to convert Arabidopsis AOS into an HPL-like enzyme. The mutational changes concerned just two amino acid residues but were sufficient to control substrate entrance and positioning, permitting alternative reactions by AOS and HPL and, thus, promoting either JA precursor biosynthesis or green volatile production, respectively. Bioinformatics studies showed that although the eudicot (Arabidopsis thaliana) and monocot (Oryza sativa) branches of angiosperms diverged 140-180 million years ago [75] , introduction of F92L substitution into one of the two AOS genes found in rice was apparently sufficient to alter product specificity and establish the HPL branch [44] . AOS, as discussed here, is capable of interacting with two other entry enzymes of the oxylipin pathway, that is, LOX2 and AOC2, and thereby establishing a complex involved in boosting JA production [53] . Modeling the structure of the discovered complex revealed several 
AOS and HPL are non-canonical CYP74 enzymes that may have their origin in the last common ancestor of plants and animals while being absent from most metazoan lineages known to date [44] . AOS and HPL obviously evolved by precluding mono-oxygenation chemistry. As shown by Lee et al. [44] , their molecular structures are remarkably similar. However, subtle differences in substrate positioning within the active site permits to exquisitely control the reactivity of catalytic intermediates formed from a common substrate for achieving product specificity. Using a mutagenesis approach, Lee et al. [44] were able to convert Arabidopsis AOS into an HPL-like enzyme. The mutational changes concerned just two amino acid residues but were sufficient to control substrate entrance and positioning, permitting alternative reactions by AOS and HPL and, thus, promoting either JA precursor biosynthesis or green volatile production, respectively. Bioinformatics studies showed that although the eudicot (Arabidopsis thaliana) and monocot (Oryza sativa) branches of angiosperms diverged 140-180 million years ago [75] , introduction of F92L substitution into one of the two AOS genes found in rice was apparently sufficient to alter product specificity and establish the HPL branch [44] . AOS, as discussed here, is capable of interacting with two other entry enzymes of the oxylipin pathway, that is, LOX2 and AOC2, and thereby establishing a complex involved in boosting JA production [53] . Modeling the structure of the discovered complex revealed several unique features as compared to the bifunctional 8R-LOX-AOS enzyme in soft coral. While 8R-LOX is structurally similar to plant LOX2, its AOS domain is related to catalases [58, 59, 61] . Fusion proteins equivalent/corresponding to that described for the soft coral Plexaura homomella operate in cyanobacteria such as Anabena and Nostoc sp. PCC 7120 [76, 77] and other soft corals [78] . Similar to the soft coral enzymes but in marked contrast to the enzymes from higher plants, the catalase domain of the cyanobacterial enzymes converted fatty acid hydroperoxides that are in the R configuration into their corresponding products. By analogy to what was recently described for the 8R-LOX-AOS from Capnella imbricate [79] , the transformation of the linolenate hydroperoxide to the allylic epoxides is likely to involve a carbocation intermediate [76, 80] (Figure 6 ). unique features as compared to the bifunctional 8R-LOX-AOS enzyme in soft coral. While 8R-LOX is structurally similar to plant LOX2, its AOS domain is related to catalases [58, 59, 61] . Fusion proteins equivalent/corresponding to that described for the soft coral Plexaura homomella operate in cyanobacteria such as Anabena and Nostoc sp. PCC 7120 [76, 77] and other soft corals [78] . Similar to the soft coral enzymes but in marked contrast to the enzymes from higher plants, the catalase domain of the cyanobacterial enzymes converted fatty acid hydroperoxides that are in the R configuration into their corresponding products. By analogy to what was recently described for the 8R-LOX-AOS from Capnella imbricate [79] , the transformation of the linolenate hydroperoxide to the allylic epoxides is likely to involve a carbocation intermediate [76, 80] (Figure 6 ). Conversion of conjugated diene hydroperoxides to allyl carbocations, thus, occurs in virtually the same way as in the enzymatic synthesis of allene oxides by plant AOS and in the transformations of prostaglandin endoperoxides to prostacyclin and thromboxane A2 in metazoans [81, 82] . Of the two catalase-lipoxygenase fusion protein genes identified in the coral Capnella imbricate, gene A encodes a wound-responsive AOS-type enzyme and gene B encodes an HPL-type enzyme specialized for the synthesis of short-chain aldehydes [78, 83] . As demonstrated by site-directed Conversion of conjugated diene hydroperoxides to allyl carbocations, thus, occurs in virtually the same way as in the enzymatic synthesis of allene oxides by plant AOS and in the transformations of prostaglandin endoperoxides to prostacyclin and thromboxane A2 in metazoans [81, 82] . Of the two catalase-lipoxygenase fusion protein genes identified in the coral Capnella imbricate, gene A encodes a wound-responsive AOS-type enzyme and gene B encodes an HPL-type enzyme specialized for the synthesis of short-chain aldehydes [78, 83] . As demonstrated by site-directed mutagenesis, defined and quite limited changes in active site amino acid residues, such as those encountered in the engineered F150L and YS176-177NL HPL derivatives, shifted the reaction specificity from HPL to AOS [79] . Together, these findings put new fuel into the discussion on the origin of JA and green leaf volatile synthesis in nature. This finding provides strong evidence for an independent, second origin of AOS and suggests a case of convergent evolution. The reasons of these apparently different mechanisms to control the flow of metabolites in plants and soft corals remain to be established. 
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